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Introduction 
Tissue moisture content has been of concern to stress 
physiologists interested in freeze resistance of winter cereals .  
Reports exist ( 10 ,  53 ) suggesting there may be similarities in plant 
response to freezing and drought stress. The similarities stem from 
the fact that freezing stress is a desiccating process and thus it is 
thought that in cold acclimation plant cells respond similar to the 
way they would during drought conditioning . Sane of these changes 
include mobilization and redistribution of soluble proteins (10 ) and 
carbohydrates (44 ) , and a decrease in tissue moisture content (27 ) . 
Siminovitch and Cloutier (52 ) have shown that a 24-h desiccation 
stress could imuce the same degree of freeze tolerance as acclimation 
for 2 weeks at 3°C, in winter �e C5ecale cerea1e). 
O'Neill ( 44 )  has shown that osmotic adj ustment occurs to 
differing degrees in strawberry leaves during acclimation to low 
tem�rature ext:erienced in late fall . Of the leaves that osmoti�lly 
adjusted however ,  only the youngest leaves survived over the winter . 
O'Neill concluded that osmotic adjustment alone could not confer 
sufficient freeze resistance in strawberries . 
A study was conducted in South Dakota to examine the affects 
of weather on growth and production of agronomic crop:; ( 21 ) • CNer a 
17-year period climatic variables were _collected on a daily basis 
and put into weekly mean values . It was reported that a frequent 
cause of loss for winter cereals was in early spring , when the 
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conditions of extreme fluctuations of temperature and the rehydration 
state of the tissue affected survival . Osmotic adjustment is one 
metabolically controlled process that is compatible with the time­
frame of weather change during this period which might ameliorate the 
adverse affects of excess free water thereby avoiding the subsequent 
hazards of temperature fluctuations . Therefore it was postulated that 
osmotic adjustment may play a role in freeze survival during this · 
period . 
Applications of the Scholander pressure-bomb technique 
(51 ) has been used extensively to determine the internal water 
relations properties of plants (7 , 13 , 47 , 6 1 ,  65) . One such 
appl ication is the pressure-volume ( P-V) technique of Tyree and Hanunel 
(62 ) . B¥ plotting P-V data one can derive the osmotic potential ·at 
both full saturation and turgor loss in plant tissue ( 12,  3 9 ,· 65 ) . 
The P-V technique is now widely used in plant-water relations 
research. Various mathematical models {50 ) and graphic procedures 
(20 )  have been applied to relate pressure to the volume of sap . 
extruded from tissue . These measurements allow determination of 
osmotic adjustment (39 )  and elastic adjustment ; two important 
physiological mechanisms which confer dehydration tolerance in plant 
tissue . 
Elastic adjustment is a ter.m that is used to describe the 
reversible extensibility (elasticity) �s opposed to irreversible 
extensibility (plasticity) of a cell wall in relation to a change in 
cell volume, resulting in a smaller change in cell turgor pressure 
2 
than if the wall were rigid . An increase in cell wall elasticity 
transduces water def icits into instantaneous decreases in cell volume 
rather than a reduction in turgor };X)tential ( 22 ) • Thus, cell turgor 
is maintained in drought stressed tissue , where accumulation of 
osmotically active solutes is low or absent . 
For the purpose of this study, osmotic adjustment is def ined 
as an accumulation of osmotically active solutes in plant .. cells 
resulting in a lcwer osmotic potential ( 35 ,  60 ) . The effect is to 
maintain or create a favorable water potential gradient to induce a 
flux of water from the soil to the plant (60) . Under water def icient 
conditions , osmotic adjustment enables plants to extend the period of 
positive cell turgor, and thus physiological functions , down to lower 
water potentials than normal ( 35 ,  3 8 ,  65) . 
The relationship between turgor pressure , cell wall 
elasticity , and wall plasticity involving cell extension and stress 
inhibited growth are entwined in the understanding of plant-water 
requirements . The most common approach to measuring cell wall 
elasticity has been the mathematical calculation of the bulk elastic 
modulus ,  e:v (13 , 3 0 ,  54 , 61 ) . Bulk elastic mooulus is related to 
turgor pressure and volume of plant cells by the equation: 
E\l = V l1 '¥ p 1 eq . 
11 v 
where V equals the volume of the cell and 'i'p turgor pressure . Direct 
�asurements of e:v by Steudle and Zirrane_rmann ( 56 ) , using the pressure 
probe technique , showed that e:v is strongly dependent on turgor and 
cell volume . Bulk elastic modulus was found to be more dependent on 
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cell volume at higher turgor pressures than low turgor pressure . As 
cell volume decreases so does e:v With the proper mathenatical 
model , P-V results can be conveniently transformed into e:v (23, 5 0 ) . 
Tyree (61 )  suggests that if done correctly, P-V curves constructed 
from values obtained by the pressure-bomb technique can be used to 
calculate e:v for leaf tissue with an accuracy of 10% error , which he 
states is about the same amount of error as when e:v is measured for 
individual cells by the pressure probe technique . 
Plant Cell Wall Structure and Cell Wall Enzymes..L Pavlik ( 45 )  
suggests a need for studies of cell wall structure in relation to 
stress acclimation. Levitt (26 ) also proposed a need to consider 
biological mechanisms of stress accl imation that involve cell wall 
elasticity. 
Cell walls of higher plants contain cellulose , a crystalline 
polysaccharide which is anbedded in an amorphous matrix consisting of 
a variety of polysaccharides and other compounds such as pectins , 
hemicellulose, lignin, and structural proteins (16 , 19,  29) . 
Cellulose is composed of long chain ( 1  -+ 4 )  8 - linked glucosyl 
residues . Linear glucan molecules of cellulose are bound together by 
hydrogen bonds . The binding of several cellulose moiecules results in 
threadlike bodies ter.med elementary fibrils ( 1 9) . These elongated 
fibrils are aggregated into ropelike structures called microfibrils . 
Microfibrils have low extensibility and when embedded in the matrix , 
provide reinforcement to the cell wall (19, 29) . In monocots , 
a -mannans and especially 8 -glucans comprise a major I;X>rtion of the 
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noncellulosic polysaccharides of plant cell walls (29) . It is these 
noncellulosic polysaccharides that provide a matrix that embeds 
cellulose microfibrils .  
There are a number of cell wall enzymes associated with the 
piastisization ( irreversible extension) of eel� walls (2 , 20 ) . 
Glyoosidases,  categorized as carbohydrate hydrolases, cleave specif ic 
glycosidic linkages of the noncellulosic polysaccharides in the 
primary and secondary cell wall . The role of these enzymes in cell 
elongation is not fully understood . It has been suggested that 
glycosidases hydrolyze cross-linking matrix polysaccharides that 
entangle and hold cellulose microfibrils together ( 9 , 28 , 49) . By 
this hydrolyzing action, the �ell wall is loosened allowing it to 
elongate and expand under turgor pressure from the cell while neW 
material is laid down and the microfibrils became reoriented to confer 
rigidity ( 19 ) . The most widely studied of these glycosidases in 
relations to cell wall autolysis are a -galactosidase , a -mannosidase 
and 8-glucosidase ( 9 , 16 , 20 , 41 ) . In addition to enzyme induced 
cell wall autolysis, a-galactosidase has been shown to function 
primarily in the hydrolysis of galactiolipids during senescence and 
a -galactosylsucrose of the raffinose series , which has been shown to 
be translocated in immature leaf tissue (58 ) . 
Glycosidases have been shown to exist and be active inside the 
cell, but most of the activity for various species of plants studied 
(20 , 41 , 58)  is found in the cell wall space . Therefore these 
glycosidases are secretory proteins many of which have been shawn to 
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have a carbohydrate conjugate . They are synthesized, post­
translationally modified and transported to the exterior of the plasma 
membrane via the endomembrane system ( secretory pathway) • 
Activity of glycosidases is stimulated during auxin induced 
growth ( 9, 41 ) . Low Iii is shown to be associated with cell wall 
loosening (9) . It has been suggested that acidification of the 
extracellular space by the auxin induced stimulation of a ·H+ proton 
pump ( 9) is what actually stimulates activity of glycosidases ( 16 ) . 
During periods of drought, cell elongation may be substan­
tially reduced or even cease. Abscisic acid (ABA ) increases in the 
tissue of many species of plants when subj ected to drought stress 
( 1 1 ) . It is believed that ABA inhibits cell elongation by effecting 
cell wall loosening, causing rigidity of the cell wall and resistance 
to expansion (25 , 64 ) • However, no direct affects of ABA on 
glycosidases have been proposed. 
Abscisic acid may stimulate a proton pump in the plasma 
membrane ( 63 ) , causing H+ to be excreted into the extracellular space 
resulting in low t:fi. Most glycosidases have a Iii optima in the acidic 
range {6 , 9, 14 , 46 ) . It has been shown that in the absence of 
physical perturbation of the plasma membrane - cell wail interface, 
glycosidases and other cell wall degrading enzymes may still remain 
active during periods of low turgor pressure (7 ) . 
Growth hor.mones such as IAA promote cell elongation by 
stimulating factors involved in wall loosening . By contrast, ABA is 
believed to inhibit wall extension. Theoretically IAA and ABA effect 
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only the plastic component of wall extensibility ( irr.eversible 
extension) and not elasticity ( reversible extension) . Elasticity can 
only be related to rrature or nongrowing tissue ( 25 )  • 
Tissue Age in Relation to Drought To1eraoce. Tissue age 
during drought is an important consideration in understanding the 
relationship of cell wall enzymes to drought conditioning . There is 
general agreement that expanding tissue shows a greater degree of 
osmotic adjustment than mature tissue and is better able to survive 
drought stress (33 , 35 , 3 8 ,  6 0 ) . The difference may be the manner in 
which they osmotically adj ust . It is believed that mature tissue 
depends largely on current photosynthate for osmotic adjustment (35 , 
6 0 ) , while expanding tissue depends almost entirely on imported 
assimilates from other parts of the plant . Translocation is shown to 
be a physiological function least affected by drought ( 3 ,  36 , 57 ) • 
Thus during drought, less accumulation of solute in mature tissue may 
result from transport of photosynthate from mature tissue to expanding 
tissue of a plant (33 , 3 8 ) . 
Invertase . Ackerson (1 ) showed that during drought stress the 
level of reducing sugars significantly increased in expanding cotton 
leaves with no prior history of drought . Also , Munns. et al . (38 ) 
noted that in the developing floral apex of wheat the ratio of 
reducing sugar to nonreducing sugar increased over a period of drought 
stress and concluded that this may refl�ct an inversion of sucrose . 
SUcrose is a major translocatable source of carbon in plants . 
Cell wall associated invertase hydrolyzes sucrose in the apoplast, 
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providing hexoses which can be utilized for energy and to meet other 
carbon requirements for expanding cells (24) . A direct relationship 
between invertase activity and osmotic adjustment during drought has 
not been establ ished . However , abscisic acid which has been found to 
enter the apo�ast and increase in response to drought stress (11 ) , 
has been shown to stimulate invertase activity (2) . If in fact 
sucrose is being imported to young tissue to aid in osmotic. adjustment 
and sustain viability and growth of cells , then one might expect 
invertase to remain relatively active during drought . 
The objectives of this study were : 1 )  to deter.mine the degree 
of osmotic adjustment and cell wall elasticity in winter wheat , 2 )  to 
measure the activity of cell-wall associated glycosidases and 
invertase during short-tenm drought stress, 3 )  to compare enzyme 
assays with P-V data and examine possible biological relationships 
that account for osmotic adjustment and/or physical changes in cell 
wall properties , and 4 )  to determine if osmotic adjustment occurs as a 
-
result of cold acclimation in winter wheat . 
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Materials and Methods 
Plant Material. Two winter wheat <Triticum astivum L. ) cvs . 
1 TAM 1011 and 1Winoka 1 were chosen for comparison in this study on the 
basis of their differential freeze survival characteristics . TAM 101 
is an early maturing freeze-susceptible cultivar while Winoka is a 
late maturing freez�resistant cultivar . Two approaches to growing 
plants were used . One approach involved the use of polyethylene 
glycol (PEG )  to progressively lower the water potential in the growth 
medium. The second approach involved withholding water fran potted 
plants. In both approaches wheat seedlings were grown for 20 days or 
until the third leaf was approximately 75% expanded, before drought 
stress was imposed . Drought stress was carried out for a period of 
eight to nine days , during which time midday water potential ( lfw ) and 
relative water content {IMC) were measured on leaves of stressed and 
nonstressed plants . Pressure-volume curves were constructed for 
leaves on the last day of the stress period . 
Approach 1: Plants were grown in 5 x 17-an cylinders 
constructed fran germination paper and filled with a 2:1:1 {soil , 
sand, and peat mix ) . The cylinders were placed in 34 x 31 x 14-cm 
plastic trays {Nalgene ) . The plastic trays were covered with wood 
lids having holes to accommodate 12 cylinders . Seedlings were given 
ample water and a half-strength solutio� of 20-20-20 general purpose 
soluble plant food {Peters Fertilizer Products , W. R. Grace and Co. , 
Fogelsville,  PA) twice a week . When the plants reached the growth 
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stage at which the third leaf was 75% expanded, stress was imposed . 
Dialysis tubing 1 7 /8" diameter was placed around each cylinder to 
exclude PEX; from the root medium (5 9) . A solution of 0 . 175. g PEX;/g 
a2o (PEX; 8000 purchased from Sigma ) was added to the plastic trays of 
plants to be stressed, resulting in a water potential of approximately 
-0 . 3 0  MPa at 25°C (32 ) . Nb PBG was added to the containers of 
nonstressed plants, which were maintained on a routine watering 
schedule .  
Approach 2: In the second approach, plants were grown in 
15-cm diameter clay pots filled with 2 : 1 : 1  (soil , sand ,  and peat ) with 
five plants per pot . Seedlings were watered once a day and after 5 
days growth, the seedl ings were given one application of fertilizer 
(Osmocote 14-14-14 , Sierra Chenical canpany, Milpitas , CA). Plants 
were stressed by withholding water fr·om half of the pots in the test 
while the other half (nonstressed controls) continued to be watered . 
Plants for both experiments were maintained in a greenhouse 
under a 16-h photoperiod with a day temperature of 24 to 27°C and. a 
night temperature of 16 to 21°C. Artificial light was used to 
supplement sunlight to an extent of an additional minimum quantum flux 
of 150ll&n-2s-l 
Plants for the cold acclimation study were grown under the 
same greenhouse conditions , in 15-cm diameter clay pots filled with 
2 : 1 : 1  (soil , sand , and peat) . When the third leaf of the plants had 
reached the growth-stage at which they had expanded approximately 75% , 
of the pots were then transferred to a cold roam and acclimated for 3 
10 
weeks at 4°C at low light intensity. After acclination, plants were 
returned to the greenhouse . Leaves of each cultivar (leaf #3 ) were 
sampled for P-V analysis at 1 h out of the cold and at 24 h. 
Leaf Material for Enz� Analysis. TAM 101 and Winoka plants 
used for enzyme extractions were seeded in 50 x 35 x 9-cn metal flats . 
Approximately 240 seeds were planted per flat which were then placed 
in a greenhouse- under the same conditions as previously described . 
Similar growth conditions were also provided when using the growth 
chamber . The growth chamber enviromnent was maintained under a 16-h 
photoperiod with day/night temperature of 25°C/14°C and a quantum flux 
of 6 94�Em-2s-l ±50 at the height of the primary leaf . The seedlings 
were grown for 13 days at which time sampling began. At this time, 
water was withheld from half of the test plants (stressed) while the 
other half received ample water (nonstressed) • 
....... -
Measurement of Leaf Water Potential and Relative Water 
Content .  Leaf-water potentials were obtained using a pressure bomb 
(Soil Moisture Corporation, Santa Barbara, CA) employing the technique 
of Scholander -et al .  (51 ) . Water potentials were measured midday on 
each day of the droughting period . The third leaf of 3 randomly 
chosen stressed and nonstressed plants was measured for ·each cultivar 
and recorded as the mean '¥w. 
Relative water content (RWC) was calculated by the equation: 
me= Fwt - pwt Twt - Dwt 
eq .  2 
where Fwt = fresh weight of the leaf , Twt = the fully turgid weight 
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of the leaf and Dwt = the dry weight of the leaf . Turgid weight was 
deter.mined after 4 h of complete submersion in deionized water and 
dry weight was deter.mined after 4 8  h at 80°C.  
Pressure-Volume Analysis. Osmotic adj ustment , bulk modulus of 
elasticity (sv) and pressure potential ('l'w) were all assessed using 
pressure-volume ( P-V) data. On the eighth-day of an experiment, P-V 
curves were constructed independently for four leaves from �tressed 
and nonstressed plants for both cultivars. Pressure-volume data for 
each leaf was collected using the method of Cutler et al . ( 13 )  and P-V 
curves were constructed as 'type II' ('l'w -l vs HiC) transformations 
( 62 ) . 
Osmotic adj ustment was calculated from the difference in 
osmotic potential at full turgor ('l'Tio) between stressed and 
nonstressed leaves (39) . Osmotic potential at full turgor was · 
deter.mined by solving the regression equation for the linear portion 
of the curve, at 1 00% HVC (Fig . 1 )  • Typically, five to seven data 
points were foUnd to lie in the linear part of the curve, below zero 
turgor , and were used for the regression calculation. 
Using a computer program, P-V data was processed by a 
modification of Stadelmann's method (54 ) in order to calculate bulk 
rncx:lulus of elasticity (sv ) • For this study, sv was calculated using 
equation 6 ( 54 ) , which takes into account the relationship of with 
'l'w and HiC, 
sv = - '¥ P ·s 
IMC eq. 3 
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where cell volume is expressed in terms of RWC and e equals the 
regression coefficient for RWC-l vs ln �P , calculated using the data 
points of the pressure-volume curve in the region of positive turgor 
(Fig . 1 ) . This equation assumes sv varies proportionately with 
turgor pressure . 
The osmotic potential (�;r ) for the P-V data points lying in 
the range of positive turgor , was calculated fran the regression 
equation of the straight line portion of the P-V curve. Turgor 
potential was then determined by subtracting the calculated value of 
�;r from its corresponding �w. 
Extracellular Fluid Collection. Extracellular fluid (ECF) was 
extracted from leaves of 13- , 15- , 17- , and 19-day-old stressed and 
nonstressed seedlings following a modification of the method used by 
Rohringer et al . ( 48) . In brief , the ·method involves the use of low 
speed centrifugation to rembve ECF from leaves after infiltration of 
extracellular space with an appropriate buffering solution. 
Infiltration buffer used in these experiments· consisted of 50 mM 
Tris/HCl. (pH 8 . 0 )  with 10 nt-1 NaCl added .  
Leaves for each treatment were harvested by detachment at the 
ligule.  Only the second leaf of each plant was used . The leaves were 
then bundled and maintained on ice until infiltration. All remaining 
procedures for the ECF extraction was done at 4°C.  
The bot tan 0.  S-cm of each bundle of  leaves were removed and 
discarded, then two 6-cm portions were cut starting from the ligule 
end. When enzyme analysis was carried out on crude ECF , 4 grams of 
438822 
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leaf tissue were extracted . When additional processing of the ECF was 
required, which included desalting and Concanavalin A (Con A) 
fractionation, 8 grams of leaf tissue were used . Each bundle of 
14 
leaves was then placed into a 26 x 100-mm plastic centrifuge tube , 
filled with de-aerated infiltration buffer and cov�red with a convex , 
perforated cap. The tubes were placed in a desiccator and evacuated 
with a water-ptmlp aspirator for 8 minutes . Restoration of atmospheric 
pressure was done slowly in order to allow even buffer infiltration 
among leaf samples . Leaf samples were irrmediately rinsed twice with 
50-m[ of 2x-glass-distilled water and blotted dry with paper tissue. 
The leaves were than arranged transversely on 7 x 50-cm plasti c  strips 
and wrapped tightly around the outside of 26 x 100-rnm plastic 
centrifuge tubes taking care not to crush the tissue . Each cylinder 
of leaf tissue was then placed separately into a 6 0  x 100-mn plastic 
centrifuge tube equipped with a removable perforated plastic disc to 
separate the bundle of rolled-up leaves from the bottom of the tube. 
�e leaves were centrifuged in a Beckmari model J21 centrifuge f or 15 
min at 400xg { 1800 rpm using a Beckman JS7.5 swinging bucket rotor ) . 
The ECF extract was either assayed directly (crude extract ) for enzyme 
activity or was fractionated by Con A (affinity chromatography ) before 
performing enzyme assays . In the latter case, the ECF was amended 
with 20% sucrose and then frozen for future analysis . 
Enzyme Isolation. Frozen ECF samples were thawed and then 
desalted with Sephadex G-25 , using a modification of the 
centrifugation method of Helmerhorst and Stokes ( 15 ) . Enough hydrated 
G-25 was layered into a modified 30-cc syringe to create a 15-� 
bed-volmne that would acconuoodate a 3-ml. ECF sample. The syringe was 
modified with a filter disc at the bottom and a collar at the top for 
suspension in a centrifuge tube. The modified columns were then 
centrifuged at 2200 � for 2-3 min to elute the void volume and 
pack the gel. Fach G-25 column was then equilibrated by adding 3-ml 
of 50 mM Tris I HCl (pH 7.8) buffer and centrifuged at 2200 �for 
2-3 min. This equilibration step was repeated three times. After the 
last spin a 3-ml. ECF sample was added and allowed to seep into the gel 
for 5 min, and then spun at 1800 rpn for 2 min. The desalted ECF was 
collected and separated on Con A before measuring enzyme activity. 
Con A-Sepharose ( Sigma ) , was poured into 12-IIIIl diameter 
columns to create a bed height of·2.5-cm or approximately 2.6-ml bed­
volume. The columns were equilibriated with 50 Jli.1 Tris-HCl. (pH ·7. 8), 
containing 1 mM each of MgC12, cac12, MnC12, and .01% Triton X-100. 
The unbound Con A fraction was eluted using only equilibration buffer. 
The bound fraction was eluted with equilibration buffer plus 0.5M 
-methyl-D-mannoside. Two-rn[ fractions were collected. Absorbancy 
values at 280 mn were determined on· each of the unbound fractions 
collected, using a Beckman DU-50 spectrophotometer. Fractions 
possessing the highest �80 values were pooled for further analysis. 
The Con A bound fractions possessing high levels of enzyme activity 
were pooled for further analysis. 
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The protein content of G-25 desalted samples , Con A bound and 
unbound fractions were determined using the method of Bradford ( 4 )  
with BSA as a standard. 
Enz!lJDe Assays. The glycosidases a-D-galactosidase 
(a-galase ) ,  8-D-fucosidase (8-fucase ) ,  8-D-glucosidase (8-glucase) ,  
and a-D-mannosidase ( a-rnanase ) were assayed in the crude ECF by 
measuring the release of p-nitrophenol from the p-nitrophenyl 
conjugated substrates : p-nitrophenyl a-D-galactose , s-o -fucose , 
a-D-glucose , and a-o-mannose for the four glycosidases , respectively 
(Sigma ) • A 1 .  0-ml. assay volume was used containing 50 rnM KAc , 2 mM 
substrate and 50lll of enzyme (crude ECF ) • a-D-Galactosidase and 
8-D-fucase activity was determined at pH 5 . 5  while 8-D-glucase and 
a.-o-manase activity was measured at pH 5 . 0 .  The assays were incubated 
at 37°C for 40 min and the reaction terminated with 0 . 4-ml of 0�3 M 
NaOH . The A420 of the enzyme assays was measured with a Beckman DU-50 
spectrophotometer . Enzyme activity was reported as micro moles of 
p-nitrophenol released per rng of protein per min of assay. 
Concentration of p-nitrophenol released was determined from a plot of 
A420 vs concentration of p-nitrophenol after correcting for the blank . 
The Con A bound glycosidases, a -o -galase and a -o-rnanase and 
the Con A unbound glycosidase 8-o-glucase were assayed as described 
above, however , due to the dilution fran the equil ibration buffer used 
to elute the Con A colt.mlnS , 0 .  2-rnl of enzyme was used for the assay. 
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All assays for Con A bound and unbound glycosidases were conducted at 
pi 5 . 2 .  
Invertase assays , following the method of Krishnan et al .  
( 24 ) , were performed on Con A bound fractions of the ECF samples . 
Nelson's (43 )  arsenanolybdate method was used to determine the amount 
of reducing sugar released by invertase . Enzyme activity was measured 
for stressed and nonstressed leaf tissue at 13 , 15 , 17 and 1� days 
after planting. 
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Results and Discussion 
Trends in tissue water status and cell wall elasticity of leaf 
tissue between cultivars were similar whether plants were drought 
stressed using Approach 1 (PEG )  or Approach 2 (withholding water ) as 
illustrated below. The results for leaf '¥w vs . days stressed (Fig . 2 )  
indicate that '¥w declined more rapidly and renained lower in stressed 
TAM 101 plants than Winoka. By contrast , HVC decreased more rapidly 
in Winoka and reached a slightly lower level by the end of the 
experiment than TAM 101 (Fig . 3 ) . These results show that when 
compared to stressed leaves of Winoka, stressed leaves of TAM 101 
maintain a higher moisture content despite the apparent lower '¥w 
values measured. A greater decrease in 'l'w coupled with a rore gradual 
decline in me may be an indication of -turgor adjustment (17 )  by 
solute accumulation (osmotic adj ustment ) in the cell . 
Analysis of P-V data revealed distinct differences between· TAM 
101 and Winoka .  Osmotic adjustment , measured as the difference in 
mean '¥1ro between stressed and nonstressed leaves, occurred to sane 
degree in both cul ti vars . However , TAM 101 showed a greater degree of 
osmotic adjustment (Table 1 ) . Leaves of TAM 101 , stressed by using 
Approach 1 ,  showed a mean decrease in '¥1ro of 0 . 47 MPa, which was 
significantly different (P  = . 05 )  compared to stressed Winoka leaves , 
which had a decrease in '¥1ro of 0 . 04 MPa. Leaves of TAM 101 , stressed 
by Approach 2 ,  had a mean decrease in '¥1ro of 0 . 26 MPa. Stressed 
leaves of Winoka showed only a slight decrease of 0 . 09 MPa. The 
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difference between �no values for stressed TAM 101 and Winoka leaves , 
observed by using Approach 2 ,  was also significantly different 
( P  = . 05 ) . Values for �no in nonstressed leaves were similar for both 
cultivars , indicated by the slight difference between mean �no values 
for nonstressed leaves of the two cul ti vars : 0 . 15 MPa for plants 
grown by Approach 1 and 0 . 01 MPa for plants grown by Approach 2 .  
The degree of osmotic adjustment reported in this study is within the 
range reported by others for wheat leaves {17 , 34 , 3 9) . 
Water Potential Versus Turgor . TAM 101 and Winoka differ in 
their ability to maintain turgor at low water potentials.  When a 
regression analysis was carried out on measured �w vs . predicted 
�P , using the data points from P-V curves in the range of positive 
turgor , it was observed that at any given � w ( in the turgid range ) 
drought stressed leaves of TM1 101 naintained higher �P than stressed 
leaves of Winoka . Thus drought stressed leaves of TAM 101 lost turgor 
at a lower 'i'w �w at zero 'i'p = -2 . 01 MPa for Approach 1 and -1 . 54 MPa 
for Approach 2 )  than stressed leaves of Winoka ('¥w at zero 'i'p = -1 .70  
· MPa for Approach 1 and -1 . 31 MPa for Approach 2 ) . Nonstressed leaves 
of TAM 101 and Winoka lost turgor at water potentials of -1 . 40 and 
-1 . 60 MPa for Approach 1 ,  respectively and -1 . 37 and -1 . 20 MPa for 
Approach 2 ,  respectively . The abil ity of crops to maintain positive 
tugor to relatively low �w such as TAM 101 , perhaps allows growth and 
development to continue during a period of. low water availability. 
This could conceivably contribute to increased yield potential . In 
fact , Morgan ( 34) has shown that cul ti vars of wheat which show a high 
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level of osmotic adjustment out-yield cultivars which show less 
osmotic adjustment during growing seasons when periodic drought is a 
problem. 
Pressure Potential Versus Re1ative Water Gonteot . The 
relationship between 'i'p and �e for TAM 101 and Winoka, grown and 
stressed by Approach 1 was analyzed graphically (Fig . 4) • Data points 
from P-V curves above zero turgor were used for the plot . Wh�n using 
P-V data, HWe at each corresponding balance pressure for a single leaf 
was calculated using equation 2 .  However ,  Fwt (fresh weight ) was 
calculated by subtracting the weight of sap expressed at each balance 
pressure fran the Twt (turgid weight of the leaf ) • When data points 
of '¥ P vs . !We were pooled for stressed and nonstressed leaves of each 
cultivar and plotted, the relationship tended to fit a straight line� 
Therefore ,  a linear regression analysis-was performed on the data 
points to obtain the best-fit line . However , when 'i'p vs. me was 
plotted for individual leaves and a line eye-fitted to the data 
points , the line was observed to tail off (decreased slope ) in the 
· direction of decreasing �e as zero '¥ P was approached . This 
relationship varied among individual leaves . Therefore, RWC at zero 
turgor may be overestimated when using a linear regression. of data 
points pooled fran individual leaves .  Kikuta and Richter ( 22) , by 
examining 50 different P-V curves of stressed and nonstressed durum 
wheat leaves also found the relationship of '¥ P vs . me to vary 
considerably among individual leaves . They concluded that no single 
mathematical function could adequately accommodate the high 
20 
variability encountered , which they attributed to the phenanena of 
cell wall elasticity. 
By extrapolating the regression l ines of Fig. 4 to the 
abscissa, one obtains an approximation of the me for a typical leaf 
at zero turgor (RWC0). Stressed leaves of TAM 101 were observed to 
lose turgor at a slightly lower RWC (RWC0 = 0 . 89)  than stressed leaves 
of Winoka (HVC0 = 0 . 91 ) . But perhaps more importantly, stres�ed 
leaves of TAM 101 , again cornp:ired to stressed Winoka, showed a greater 
overall adjustment of turgor . The ability of stressed TAM 101 leaves 
to maintain a higher '¥ p at any given �C above zero turgor , com:r;:ared 
to Winoka was clearly evident . 
Cell Wall Elasticity. Changes in the cell wall elasticity of 
leaf tissue may alter the important relationship between turgor and . 
tissue water content (26 ) . Cell wall elasticity was found to 
generally increase in drought stressed leaves for both cultivars as 
shown by a decrease in the bulk elastic modulus (e:v ) • Due to 
variability of e:v among individual leaves , the mean e:v vs . 'l'p of four 
to five replicate leaves was plotted. Generally, it was shown that e:v 
was higher for both stressed and nonstressed leaves of TAM 101 in 
comparison to stressed and nonstressed leaves of Winoka at any given 
'l'p (Fig . 5) . However,  for plants stressed by Approach 2 ,  the e:v vs 
'l'p relationship was shown to be slightly higher for nonstressed leaves 
of Winoka when compared to nonstressed leaves of TAM 101 , despite a 
reversal in this relationship for stressed leaves of the two 
cultivars . Others have reported that water deficits have caused 
2 1  
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increased elasticity in leaves that were not fully mature at the time 
stress was im!X)sed (60 ) . Also Munns et al .  (40 ) have shown that e:v 
values decreased for Cblorella emersooii cultured in high external 
concentrations of NaCl . Evidence also exists for decreased elasticity 
( 17 ,  3 0 )  or no change at all (5 ) , as a result of drought stress but 
these studies involve differing periods of stress and tissue age . 
These data suggest that age of tissue and duration of stress may be 
important factors influencing the physiological response of plants to 
drought stress . 
Cell size reduction due to dehydration has been shoWn to 
increase elasticity of cell walls (56 , 6 0 ) . Although cell volume and 
size were not investigated in this study, it is probable that lower 
values observed to occur in stressed leaves of Winoka are a result of 
reduced cell volume in the absence of osmotic adjustment . As noted 
before herein, it was observed that during the period stress was 
imposed, me was generally lower for Winoka at any given 
-
'l'w, at least by the fourth-day of stress . This may imply that cell 
. volume decreased more in Winoka. 
Comparison Qf Additional Freeze Resistant versus Freeze 
Susc�ible Groups of Winter Wheat .  In addition to TAM 101 and 
Winoka,  three other cultivars of winter wheat were examined by P-V 
analysis of drought stressed and nonstressed leaf tissue. The two 
cultivars comparable to Winoka in freeze resistance were NOrstar and 
Kharkov . The other cul ti var examined was Vona which is early maturing 
and freeze susceptible, similar to TAM 101 . Approach 2 was used for 
growing and stressing these plants. 
Among these three additional cultivars, Vona showed the 
greatest degree of osmotic adj ustment, with a decrease in �Tio of 0 . 20 
MPa for stressed leaves (Table 1 )  • Kharkov and Norstar showed 
slightly less adjustment with a decrease in �Tio of 0 . 15 and 0 . 10 MPa, 
respectively. All three cultivars were observed to exhibit turgor 
adj ustment (Fig . 6) . It was observed that the change in mc0, (Fig . 
6) between stressed and nonstressed leaves was greater for Kharkov 
than Vona . Stressed leaves of Kharkov had a lower me (0 . 87 )  than 0 
Vona ( 0 . 93) . Norstar had a �C0 value of 0 . 92 for both stressed and 
nonstressed leaves, but did show a greater 'i'p at any given me down to 
zero turgor for stressed leaves . It was also observed (Fig . 6 )  that _ 
at any given me above zero turgor, stressed leaves of Kharkov had a 
higher �P than either of the other two cultivars.  This turgor 
maintenance response exhibited by Kharkov may be explained largely ·on 
the basis of cell wall elasticity as with Winoka (Fig . 6 )  • The £\) 
vs . �P relationship for the three cultivars of wheat (Fig . 7 )  
revealed that Kharkov had substantially higher cell wall elasticity 
( low £\) ) than the other cultivars for both stressed and nonstressed 
leaves . 
These results indicate that the differences in tissue water 
status and cell wall elasticity between TAM 10 1 and Winoka are 
probably not unique to these cultivars . Rather there are differences 
in the response to drought stress between other freeze-resistant and 
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susceptible cultivars of winter wheat , which appears to fit common 
patterns for each group. 
Osmotic Adjustment and Cell Wall Elasticity in Cold Acclimated 
Leaf Tissue. Since the greatest osmotic adjustment was shown to occur 
in freeze susceptible cultivars of winter wheat , the original 
speculation about its usefulness to prevent freeze damage of winter 
wheat in early spring became questionable .  To determine if osmotic 
adjustment occurs in cold accl imated leaf tissue , the P-V analysis was 
used to measure the degree of osmotic adj ustment and cell wall 
elasticity of two freeze susceptible cultivars (TAM 101 and Vona) , and 
two resistant cultivars (Winoka and Nbrstar) . 
TAM 101 and Winoka did show same degree of osmotic adjustment , 
0 . 30 and 0 . 23 MPa, respectively, while Vona and Norstar showed none 
(Table 2) . Osmotic adj ustment in this case was calculated as the 
difference in lfrro between plants 1 h and 24 h out of the cold . Bulk 
modulus of elasticity was also calculated . Except for Vona, which · 
showed relatively no change in cell wall elasticity, all the other 
· cultivars showed a significant increase in e;v (decreased elasticity) 
after a 24 h deacclimation period (Fig. 8 ) . When the wheat plants 
were first removed from cold acclimation they immediately wilted . 
Furthermore, it was observed that for all four cultivars, \l'rro for 
24-h deacclimated plants was relatively high as compared to values of 
\l'rro for nonstressed tissue in previous experiments (Table 1 ) . These 
results suggest that more time should have been allowed for plants to 
regain nor.mal water relations before a second P-V analysi� was 
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performed. However, these results strongly suggest that winter wheat 
undergoes physiological changes during cold acclimation that are 
similar to physiological alterations that occur during drought 
conditioning. Osmotic adjustment may help plant cells to withstand 
freezing by preventing injury due to plasmolysis (55 ) but it is 
speculated that it may be detrimental from the staJldi:x>int of 
maintaining high cellular water content causing precocious growth to 
occur in early spring when it may not be desirable.  Several studies 
(27 , 3 1, 42 ) have shown a direct association between tissue moisture 
content in winter cereals and freeze survival . 
Activity of Cell Wa11 Enzymes. The glucosidases chosen for 
assay in the ECF, were selected on the basis of their involvement with 
cell wall extension of monocotyledonous plants (9) .  Assays were 
conducted to address the question of whether or not the activity of 
these enzymes, or the mechanism by which they are exported into the 
extracellular space, was affected by drought . 
Cell wall bound invertase was also examined because of its 
role in hydrolyzing sucrose, the major translocatable sugar in plants . 
It was reasoned that if assimilated carbohydrate were being 
translocated from mature to expanding tissue during drought, to 
provide solute for osmotic adjustment, then invertase may remain 
active or even be stimulated by stress . 
Table 3 shCMs the results for the crude ECF extracted at the 
14-, 17-, and 20-day-growth-stage . Drought stressed and nonstressed 
tissue of � 101 possessed higher activity of all four glycosidases 
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examined when compared to stressed and nonstressed tissue of Winoka . 
Also, enzyme activity was consistently higher for plants grown in the 
growth chant>er (Table 3) • When the activity of a -galase for TAM 101 
plants grown in either the greenhouse or the growth chamber was 
compared, it was observed that activity in stressed leaves remained 
higher than nonstressed leaves for plants sampled fran the greenhouse, 
but for plants sampled from the growth chamber the highest amount of 
activity occurred in nonstressed leaves (Table 3). Drought stressed 
leaves of Winoka contained higher a -galase activity than nonstressed 
leaves when sampled from either the greenhouse or the growth chamber 
(Table 3) • When stressed leaves of TAM 101 were compared to stressed 
leaves of Winoka, TAM 101 showed higher a -galase activity than 
leaves of Winoka for both growth environments . 
S-Gluocosidase activity for TAM ·101 grown in the greenhouse 
remained unchanged in drought stressed as compared to nonstressed 
tissue but was slightly inhibited in stressed tissue of growth chamber 
grown plants (Table 3) . S-Glucosidase activity was relatively 
·unaffected by drought in greenhouse grown Winoka but a slight increase 
was detected in droughted tissue grown in the growth chamber . 
The results suggest that at least during short-ter.m drought 
stress , a -galase, S -glucase and S -fucase are not adversely 
affected by drought conditioning . a -Manosidase activity, however was 
inhibited in stressed leaf tissue of both TAM 101 and Winoka. Water 
potentials for leaves taken at the time enzyme samples were collected 
is shown in Fig . 9 .  <l:>servations showed that the amount of soluble 
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protein extracted and enzyme activity were related to the change in 
leaf \fw • As \fw decreased, soluble protein increased and enzyme 
activity decreased . 
Contamination of ECF preps by cytopiasmic material was studied 
by Rohringer et al .  {48) . They concluded that when using the 
centrifugation technique for removal of ECF ,  intracellular protein 
from cut cells did not contribute significantly to the total ptotein 
recovered in the ECF . They also found that proteins recovered from 
the ECF were cha racteristic of proteins found outside the plasma 
membrane when care is taken to preserve the integrity of cellular 
membranes during infiltration and extraction of ECF . 
Total protein in the crude ECF differed markedly among 
samples . Extracellular fluid of Winoka leaves, wpether stressed or 
not, consistently contained higher amounts of protein than TAM 101 . 
Because extraneous proteins may cause an underestimate of actual 
enzyme activity, and because of the inconsistency in amount of protein 
extracted, further processing of the ECF was attempted. This was 
· accompl ished by desalting samples of ECF and subj ecting them to Con A 
separation. 
EoZ� ACtivity after Separation of ECF on Con A • . Previously, 
it was found that 85% of the total protein of ECF samples was 
recovered in the desalting step. Con A results showed 7 to 9% of the 
total desalted protein for TAM 101 ECF was_ recovered in the Con A 
bound fraction, while 4 to 7% was recovered for Winoka ECF samples .  
Therefore most of the ECF protein was in the unbound fraction. 
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Protein recovered in Con A bound and unbound samples remained 
relatively constant among treabnents, cultivars, and days sampled 
(Table 4 )  , allowing for a more accurate comp:trison of enzyme activity. 
Winoka showed a �ak in activity for the glycosidases measured, at Day 
15 , while enzyme activity J;eaked at Day 17 for TAM 101 (Fig. 10) . 
Activity in most cases declined sharply after this maximum was 
reached . 
Perhaps the difference in the pattern of enzyme activity, with 
respect to time, seen between T�1 101 and Winoka is due to different 
plant development rates . This speculation is supported by 
observations of others showing correspondence between cell enlargement 
and maturation (20 )  and tissue growth rate (41) with activity of cell 
wall associated glycosidases. 
At the beginning of the measurement J;eriod, a -galase activity 
was the same for drought stressed and nonstressed leaves of both 
cultivars (Fig . 10 ) . By Day 15,  activity in stressed tissue of both 
cultivars had decreased . a -Galactosidase activity in both stressed 
· and nonstressed leaf tissue of TAM 101 increased sharply from Days 15 
to 17 ; by Day 19 nonstressed TAM 101 had decreased in a -galase 
activity considerably while stressed tissue increased slightly, 
resulting in a higher level of activity than was observed for 
nonstressed tissue (Fig . 10 ) . Stressed Winoka leaves showed little 
change in a -galase activity on all of the days samples were taken. 
However, the level of a. -galase in stressed tissue was 
significantly greater than that of nonstressed tissue at Days 17 and 
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19,  but yet was lower than that detected in stressed leaves of TAM 
1 01 .  
Both stressed and nonstressed tissue of Winoka showed almost 
the same level and pattern of S -glucase activity (Fig . 10 ) .  Despite 
the water deficit, apparently S -glucase activity was unaffected. 
S -Glucosidase activity in stressed tissue of T.AM 10 1 increased 
slightly more than nonstressed tissue at Day 15 but decreased 
thereafter while activity in nonstressed tissue continued to increase 
to Day 17 and remained substantially higher than stressed tissue 
(Fig . 10 ) . The results suggest S -glucase activity is more sensitive 
to drought in TAM 101 . 
Con A bound a -manase activity followed basically the same 
pattern in both cultivars as was seen for the results of the crude ECF 
samples (Fig. 10 ) . Activity was initial-ly the same for stressed and 
nonstressed leaf tissue for both cultivars, but decreased dramatically 
in stressed tissue from Day 13 to 15 , and thereafter leveled off . It 
woUld appear a -manase _ activity is inhibited soon after a drop in '¥w 
. (Fig. 11 ) . 
Invertase . Results of invertase activity in ECF of drought 
stressed and non5tressed leaf tissue of TAM 101 and Winoka are shown 
in Fig. 12 . Except at Day 13 of the expe riment , invertase levels did 
not significantly differ in stressed and nonstressed leaves of· TAM 
101 . There was however a significant change in the pattern and level 
of activity of invertase in stressed as compared to nonstressed leaf 
tissue of Winoka . At Day 15 activity increased sharply in nonstressed 
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Winoka, but by Day 17 had decreased substantially, although still 
remaining relatively high. By Day 1 9 ,  activity had declined to almost 
zero . By contrast, stressed Winoka remained significantly lower than 
in nonstressed tissue, except on Day 1 9  when invertase activity of 
stressed Winoka actually reached its highest level and was 
significantly higher than that of the nonstressed w{noka leaf tissue . 
Preliminary results on desalted ECF samples, without 
separation on Con A, in both greenhouse and growth chamber-grown 
plants, showed that invertase activity was generally higher in both 
stressed and nonstressed leaves of TAM 101 when compared to Winoka . 
ECF samples taken fran growth chamber-grown plants showed an increase 
in invertase activity during a decrease in leaf �w for 
both cultivars . Perhaps the low light conditions in the ·growth 
chamber in combination with drought, caused a greater demand for 
assimilated carbohydrate from elsewhere in the plant during the 
sampling period, thus causing higher invertase activity. -
The level of invertase activity was shown to be higher in 
drought stressed leaves of TAM 101 than Winoka. Furthermore these 
results showed that the level of invertase activity for TAM 101 was 
not greatly affected by drought stress . This indicates that sucrose 
perhaps is still being translocated to leaf tissue during short-ter.m 
drought . It is suggested however ,  that rather than being used as a 
source of carbon for growth processes, imported sucrose is 
being used in the process of osmotic adj ustment . This speculation is 
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supported by the higher level of osmotic adj ustment detected in TAM 
101 as comp:1red to Winoka (Table 1 )  • 
Despite reduced growth due to drought observed in this study, 
S -glucosidase, a major cell wall degrading and loosening enzyme at 
least in monocots, was shown to be only slightly affected by 
decreasing �w in stressed tissue of Winoka when compared to 
nonstressed tissue (Fig . 10 ) . Stressed tissue of TAM 101 showed a 
significant difference from nonstressed tissue at Day 17 of the 
experiment . If the normal cell wall loosening process were 
uninhibited or only slightly inhibited, despite reduced elongation, 
then it is conceivable that there may be a change in the chemical and 
physical structure of the cell wall .  The observation that there was a 
consistent increase in elasticity observed in drought stressed leaf 
tissue of both cultivars supports this idea. The persistence of 
glycosidase activity during drought could be a factor of age since the 
enzymes examined were active at the time drought was imposed and 
activity was not clearly shown to be stimulated by drought . 
·Furthermore, the fact that enzyme activity was distinctly different 
between nonstressed tissue of TAM 101 and Winoka suggests that the 
structure of the cell walls of the two cultivars may be different . 
This hypothesis is supported by the observation that there was a 
difference in cell wall elasticity between nonstressed leaf tissue of 
the two cultivars . 
Further studies involving physical and chemical changes that 
take place in the cell wall appear warranted . There is a need to 
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better understand the dynamic enzyme-related changes in cell walls in 
relation to drought . Wu et al . (66 ) question the validity of using 
the bulk elastic modulus calculation to describe elasticity of plant 
cell walls . They propose the fundamental discrepancy as one in which 
elasticity is assumed to be constant in plant cells but instead varies 
considerably with volume and turgor (56 ) . This objection appears 
valid because the calculation of EV assumes the cell wall to be made 
up of a solid hanogeneous material when in fact it is a canplex 
mixture of biologically active material . Kikuta and Richter ( 22 )  came 
to a similar conclusion that elasticity of cell walls is not constant . 
Their results show a rapid and reversible change in elasticity for 
drought stressed plants . They make no specula�ion however to the 
physiological basis for elastic adjustment that could account for 
rapid and reversible changes in elastic behavior during drought 
stress . 
My results support the idea that cell wall elasticity may 
change rapidly during drought stress . Certain cell wall enzymes 
· (glycosidases) have been shown to remain active during short-term 
drought and may have an effect on the chemical and physical structure 
of the cell wall � Wu et al . (66) reasoned that wall elasticity could 
be more accurately analyzed by applying polymer elastic principles . 
Such an analysis they believe would be more compatible with the 
physical properties of cell walls and the structural and functional 
characteristics of leaf tissue . 
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Conclusion 
In conclusion this study has shown that TAM 101 , a freeze­
susceptible cultivar of winter wheat osmotically adjusts to a 
significantly greater degree than Winoka a freeze-resistant cultivar 
during short-term drought stress . Results also show evidence for 
similarities between plant response to drought and freeze stres,s .  
However , it is suggested that osmotic adjustment may be a detriment to 
freeze resistance in winter wheat by allowing for increased tissue 
moisture content during a seasonal period (early spring) when extrane 
temperature fluctuations may kill plants which possess high moisture 
contents. Furthermore, evidence from this study indicate that 
distinct differences of certain cell wall associated enzymes exist 
between the two cultivars TAM 101 and Winoka , and that activity 
persists in leaf tissue during periods of reduced water availability. 
Glycosidases,  by hydrolyzing polysaccharides in the cell wall,  may 
modify the physical and chemical structure of the cell wall . 
· Invertase and perhaps a. -galase, by hydrolyzing carbohydrates 
imported from elsewhere in the plant , may provide simple sugars to 
cells for osmotic adjustment . These cell wall enzymes may. therefore 
be significant in altering cell wall structure and the osmotic 
properties of cells for conferring drought tolerance in leaf tissue of 
winter wheat. 
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Table 1 .  Comparison of the mean osmotic potential at full turgor for drought stressed and nonstressed leaves 
of two freeze-susceotible and three freeze-resistant cultivars of winter wheat. 
Stressed 
Approach 1 
Cultivars* 
TAM 101 Winoka 
Approach 2 
CUltivars* 
TAM 101 Vona Winoka Kharkov Norstar 
-----------------------------------------------MPa----------------------------------------------- , 
-1 . 7 9  ±O . l5t -1 . 48 ±0 . 21 -1 . 43 ±O . o8 -1 . 61 ±0 . 15 -1 . 25 ±0 . 07 -1 . 7 9  ±0 . 12 -1 . 59 ±0 . 11 
Nonstressed -1 .32 ±0 . 07 -1 . 47 ±0 . 13 -1 . 17 ±0 . 08 -1 . 41 ±0 . 12 -1 . 16 ±0 . 04 -1 . 64 ±0 . 27 -1 . 49 ±0 . 03 
* TAM 101 and Vona are early, freeze-susceptible winter wheat cultivars Winoka , Kharkov and Norstar are late, 
freeze-resistant winter wheat cultivars . 
t ± SD 
� 
� 
0 
Table 2 .  Canp:irison of the osmotic potential at full turgor between two 
freeze-susceptible and two freeze-resistant cultivars of winter wheat 
atter cold acc1irnation. 
Sample Interval 
lh* 
24h* 
CUltivart 
TAM 101 Vona Winoka Nor star 
______________________ .MP ______________________ _ 
-1 . 77 -1 . 67 
-1 . 47 -1 . 66 
-1 . 7 9  
. -1 . 56 
-1 . 47 
-1 . 46 
* Leaves of cold acclimated winter wheat sampled at 1 h and 24 h after 
being taken out of a cold 0nv iromnent . Plants were allowed to . . 
acclimate for 3 weeks at 4 C .  
t � 101  and Vona are early, freeze-susceptible cultivars . Winoka and 
Norstar are late, freeze-resistant cultivars .  
41 
Table 3 .  . A comp;1rison of glycosidase activity in crude extracellular fluid collected at different growth 
stages from 4-gram l eaf samples of drought stressed and nonstressed TAM 101 and Winoka winter wheat grown 
in two different environments. 
O..tltivar and Growth Stage Total Protein a-Galase a-�1anase B-Glucase B-Fucase 
Growth Environment (days )  s NS s NS s NS s NS s NS 
T}.M 101 t 
__ ng activity* 
Greenhouse 14 2 . 613 1 . 728 34 42 35 3 8  46 47 67 72 
17 2 . 836 3 . 53 2  27 16 16 23 16 20 34 34 
20 2 . 864 1 . 151 46 26 1 9  3 2  20 18 3 8  3 1  
Gr<:Mth Clambe r  
1 4  0 . 7 84 0 .  7 888 80 95 5 1  6 2  82 68 108 98 
17 1 . 41 8  0 . 924 68 83 1 6  56 31 51 26 54 
20 1 . 762 0 . 52 9  85 8 9  3 0  57 3 8  46 4 9  61 
Wjnokat 
Greel)house 14 3 . 958 3 . 05 8  2 1  20 1 0  2 1  22 17 3 5  27 
17 3 . 735 5 . 618 12 1 0  9 7 12 9 16 1 5  
2 0  2 . 823 4 .374 21 1 9  11 1 0  7 11 13 20 . 
GrCMth Clamber 14 2 . 174 1 . 44 9  6 9  58 24 2 9  54 56 61 70 . 
17 2 . 6 01 2 . 53 5  37 40 1 5  1 7  3 0  25 4 0  35 
20 1 . 6 02 1 . 82 2  7 2  46 23 23 3 5  3 1  5 9  43 
* Activity = moles p-nitrophenol released/mg protein/min. 
t � 1 01 is an early, freeze-susceptibl e  cul tivar and Winoka is a l ate , f reeze-resistant cultiva r .  Plants 
were stressed by withholding water ( see text ) . .a::.. � 
"-.& 
Table 4 .  A cornp:lrison of soluble protein fractionated by Concanaval in A {unbound and bound) with 
crude extracts from drouaht stressed and non-stressed tissue _Of _two winter wheat cultivars. 
Crude Protein Con A Fractions 
At Desalted Unbound Bound 
Growth Stage Stressed Nonstressed Stressed Nonstressed Stressed Nonstressed 
Bt 
Days ------Mg Protein*------- ----------------------Mg/rnl **--------------------
13 
15 
17 
19 
13 
15 
17 
19 
1 . 659 
1 . 806 
1 . 836 
1 . 845 
2 . 805 
3 . 357 
2 . 496 
3 . 867 
2 . 166 
1 . 548 
1 . 617 
1 .  788 
2 . 940 
2 . 742 
2 . 106 
2 . 424 
. 167 
. 147 
. 156 
. 131 
. 402 
. 2 99 
. 211 
. 3 99 
. 195 
. 140 
. 105 
. 173 
. 434 
. 3 97 
. 282 
. 156 
. 03 9  
. 049 
. 052 
. 057 
. 056 
. 052 
. 049 
. 054 
. 051 
. 043 
. 046 
. 056 
. 054 
. 034 
. 033 
. 059 
* rng of soluble protein from 3 rnl sample of ECF collected f ran 8 grams of leaf tissue used for 
Concavavalin A separation. 
** rng/rnl of soluble protein from the two fractions having the highest 280 nm readings . 
t Leaf tissue of A {TAM 101 ) and B {Winoka ) grown in the greenhouse and drought stressed using 
Approach 2 .  
� 
� w 
o) Winoka 
1 . 0 
• nonstessed 
o stessed 
R�lat ive Water Content 
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0. 6 0. 5 
F i g . 1 .  Typ i ca l  p re s s u re-vo l ume c u rve s o f  a )  W in o ka ( d ro u g h t  s t r e s s ed and 
n o n s t re s s ed ) ,  and b )  !�'1 1 0 1 ( d ro u g h t  s tr e s s e d  and nons t res s ed ) w he� t 
. l e a ve s . D a ta p o i n t s  in the re g i on o f  p o s i t ive l e a f t u r g o r ,  f o r  s te s s ed 
and nons t re s s ed leaves l i e ab o ve the i r  r e s p e c t i ve r e g re s s ion l in e s ; 
( O F )  rep r e s en t s  the inve rs e o f  t he o s mo t i c  p o t en t ia l  a t  f u l l  l e a f 
t u r g o r , ( OA )  re p re s e n ts the d i f f e rence i n  o s mo t i c p o ten t ia l  a t  f u l l  
tu rgo r d u e  t o  o s mo t i c  a d j u s tmen t .  
-
co 
a.. 
:E 
I 
-
45 
3.0
�.-
-�-.--����--��--�----------�--��--�---------------
b) TA lA 101  
0 
1 .0 0.9 0,.9 
• n o n sressed 
o ste!sed 
0.7 
Re!a.tive \�lat er Co ntent 
0,6 O.S" 
-
<': 
S: 
.;: 
I -
• 
-
-
(': 
c. 
:: 
� 
I 
!-
· 0 .5  r-
·1.0 t-
0... 
· 1.! :-
.. 2.0 1-
c} Approach 1 _.... Wi-tre ,._., ... 
o---:; 'off"'-•• ,,... . 
_,.. �AM _,,_ ... 
o-:: T.&.M ,._. ... 
- �, _, ,. ' ' / ' -1 ' , ,. , _  
' ,. -
-
-
:: :: r.�-l-5 0_� __ =_0_.3_0 ________ __ '-�------- ---_-_� ____ ,. ____ ________  -___ - -__ __ 
2 3 4 s 6 7 8 
Ocys 
· 0�------------�----------�----�--------------��
-to !-
I 
I 
-1.5 :-
I 
· 2.0 :-
bj Acproacn 2 ....... w•-.. -.... -c---: w-.__ .,,... ,_ 
.._ r.:.M -"··�· 
C:-: T.:OM •-• 
C a y s  
..: 
46 
F i g . 2 .  � i d d ay lea f wa t e r  p o t en t ia l s ( �w ) f o r d r o u g h t  s t r e s s ed a n d  
nons t r e s s e d Tk� 1 0 1  ( f ree z e  s u s ce p t i b l e ) a n d  W in o ka ( f r e e z e  
r e s i s t a n t ) g rown b� 3 )  A p p r oa c h  1 ,  and b )  A p p roa c h  2 .  Ea c h p o i n t · 1 s  
t he m e a n  p e r c e n t re la t i ve w a t e r  c o n t en t  f o r  t h r e e  l e a ve s  e a c h  f ro m  a 
d i f fe r e n t p la n t . 
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F ig . 3 .  � id da y  p e rce n t  re la t i ve wa te r c o n ten t f o r  l e�ve s  o f  d ro u g h t 
s t re s s ed and nons t r e s s ed !A� 1 0 1 ( f re e z e  s us c e p t i b le )  and Y i n o ka 
( f ree z e  res i s tan t )  w he3 t ,  grown by a )  Ap p roa ch ·  1 ,  � nd b )  Ap p ro a c h  2 . 
Ea c h  p o i n t  r e p r e s e n t s  the mean p e r ce n t  re l 3 t i ve wa te r c o n ten t f o r  
t h ree lea ves  each f rom a d i f f e re n t  p l 3 n t . 
2.0 
1 .6 
-
a 1 .2 A. 
:E ..._. 
� 
s- 0.8 
0.4 
0 
2 .0 
1 .6 
1 1 .2 
� -
Q. -
9- 0.8  
0.4 
1 .0 
a) TAM 101 
• stressed ( r2 a  . 571 ) 
• nonstressed ( r2 • .881 ) 
• 
• 
0.9 5 0.9 0  0. 85 0.8 0 
RWC 
b) Winoka 
• stressed ( r2 a .899)  
• nonstressed ( r 2  a .647 ) 
• 
0 '---- �--- � ------�-----� 
1 .0 0 .9 5 0.9 0 0. 8 5  o. s o  
RWC 
F ig . � - R e s p on s e  of tu rgo r p o ten t ia l  �P ) to r e l a t i ve wa t e r  con ten t 
( RWC ) o f  d roug h t  s tr es s e d  and nons t re s s ed l e a ve s  o f  a )  rAM 1 0 1  
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( f r e e z e  s us cep t ib l e ) ,  and b )  W in o ka ( f re e z e  re� i s tan t ) .  Da ta p o in ts f o r 
ea c h  t re a tme n t  o f  ea c h  cu l t i va r  a re p o o l e d  f ro m  four o r  f i ve 
p re s s u re -vo l ume c urve s • Only da ta p o in t s in t he re g i on o f  p o s i t i ve 
tu rg o r  w e r e  us e d . Turgo r p o ten t ia l s a re ca c u l a ted va l u e s  ( s e e  
�a t e r ia l s  and Me t h o d s ) .  
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1 .4 . 
F i g . 5 .  Re la t i ons h i p  b e tw e en c e l l  w a l l  e la s t i c i ty , de t e rmined by the 
b u lk e la s t i c mo d u l us ( EV ) , and t u rgo r p o ten t ia l  (�P ) f o r d ro u g h t  
s t res s ed a n d  non s t res s ed l e a ve s  o f  TAM 1 0 1  and W inoka . P lan t s  w e re 
g rown a n d  s t re s s ed by a )  Ap p ro a c h  1 ,  a nd b )  Ap p roa c h  2 .  Ea ch p o i n t  
rep r e s en t s  the mean sv , ca l c u l a t e d  us i n g  ·f o u r  o r  f i ve s ep e ra te leave s  
a n a l y z ed b y  the p r es s u r e -vo l ume me t hod . The b u lk e las t i c  mod u l us f o r  
e a c h  l ea f w a s  ca lc ula ted us ing e q . 2  ( t e x t ) f o r  ea ch da ta p o i n t  
o n  the p re s s u r e -vo lume c u rve i n  the re g i on o f  p 6 s i t i ve t u rg o r . A 
l inea r  regres s i on ana ly s i s  _wa s p e r fo rme d on the d a ta (sv vs �p) fo r 
ea c h  l ea f . The s v  a t  0 . 2 , 0 . 4 ,  0 . 6 ,  0 . 8 ,  and 1 . 0 MPa �P f o r  ea c h  l e a f  
w a s  then f ound b y  ext ra p o la t i on o f  the r e g r e s s i o n  l ine t o  t he 
o r d ina te ( sv) .  
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F ig . 6 .  res p on s e o f  turgo r p o t en t i a l  ( 'p) t o  rela t i ve wa te r co n ten t 
( RWC ) o f  d roug h t  s t res s ed and nons t r e s s ed l ea f t i s s ue o f  a )  Vona 
( f ree z e  s us cep t ib l e ) ,  b )  Kha rkov ( f ree z e - res i s ta n t ) ,  and c )  No rs ta r 
· ( f re e z e  r e s is ta n t ) w i n te r  whea t .  P lan t s  w e re g rown and s t res s ed u s i n g  
Ap p roach 2 .  D a ta p o in t s f o r  ea c h  t rea t me n t o f  ea ch cu l t i va r  re p re s en t  
the p o o led d a ta p o i n t s  f rom two p res s u re -vo lume c u rves cons t ru c ted 
f ro m  two s ep e ra te lea ve s . Only P - V  da ta in the reg ion of pos i t i ve 
t u rgo r w e re u s e d . T u rg o r  p o ten t i a l s  ( 'P) a re ca l c u l a ted va l u e s  ( s e e ,  
Ma te r ia l s  a n d  Me thod s ) .  
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F i g .  7 .  Re l a t i on s h i p  b e tw e e n  c e l l  wa l l  e la s t i c i t y ,  d e t e rm i ne d  by the 
b u l k e l a s t i c  mod u l us ( sv ) ,  a n d  t u r g o r  p o t e t ia l  ( �P) o f  d roue h t 
s t r e s s e d  a nd n o n s t re s s ed l ea � e s o f  V ona ( f re e z e  s u s ce p t i b l e ) , Kha rko � 
( f r e e z e r e s i s t a n t ) ,  a n d  No rs t a r  ( f r e e z e  r e s i s ta n t ) w i n te r  w h e a t .  Ea c h  
p o i n t  re p re s e n t s t he mean sv  ca l c u la t e d  u s i n g the P -V a na l y s i s o f  tw o 
s e p e r� t e l ea �e s a s  d e s c r i b e d in  F lg . S . 
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T ut gor Poreulial 'fig (MPa) 
F ig . 8 .  Re l a t i on� h i p  b e tween c e l l  w a l l  e la s t i c i ty ,  de term i rte d  by the 
b u lk e la s t i c mod u l us (sv } ,  and t u rg o r  p o te n t i a l  ( �P) for leaves o f  
T �� 1 0 1  and Vona ( f r e e z e  s u s ce p t ib le )  a n d  W inoka and N o r s ta r ( f r e e z e 
r e s i s tan t ) w in te r  whea t .  P la n t s  w e re s a mp le d  a )  1 h ,  and b )  2 4  h a f te r  
b e ing removed f rom co l d  a cc l i ma t i on .  E ac h  p o in t  rep res en ts t he va l u e  
o f  sv a t  t h e  c o r re s p on d ing �P f o r  o n e  l ea f ,  d e t e rm ined a s  d e s c r i b e d  
in F ig . S .  
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Growth SI.Jgc ( O.Jys) 
F ig . 1 0 . C omp a r i s on o f : a )  a -ga la c to s ida s e , b )  B. -g l u co s idas e ,  and c )  a 
mann o s ida s e  a c t i v i ty in C o n  A s ep e ra te d  ECF s amp l e s  o f  d ro u g h t  
s t res s e d  a n d  nons t re s s ed l ea ve s  o f  TAM 1 0 1  and W inoka w in te r  whea t .  
Each p o i n t rep res e n t s  the mean o f  d up l i ca t e  mea s u reme n ts o f  a c t iv i ty 
on one EC F s a mp l e .  
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F i g . 1 1 . L e a f  wa t e r  p o t en t ial ( �w ) f o r  d ro ug h t  s t re s s ed and nons t res s ed 
!Mi 1 0 1  and � inoka a t  the t i me ( g ro M t h  s ta g e ) t ha t  lea f s a mp l e s  we re 
co l le c ted fo r EC F ext ra c t i on s  and s ub s e q u e n t  s ep e ra t ion on Con A .  
Ea c h  p o in t  i s  t he mean o f  two o r  t.h r e e  s e p e ra t e  l ea ve s . 
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F ig . 1 2 . C omp a ri s on o f  c e l l  wa l l  a s s o c ia t e d  inve rta s e  a c t i v i ty in C on A 
s epe ra ted ECF s a mp l e s  o f  d ro u g h t  s t r e s s e d  and nons t res s ed l e a ve s  o f  
TAM 1 0 1  a n d  W inoka w in te r  whea t .  Ea c h  p o i n t  rep res en t s  the mea n  o f  
dup l ica te mea s ur emen ts o f  a c t i v i ty o n  o n e  ECF s amp le . 
